Abstract--The paper focuses on reliability assessment of power systems with wind power generation. A Monte Carlo based production cost simulation model is introduced in the paper. The model closely simulates actual system operation processes and takes system random behaviors into account. A simplified unit commitment method is created to fit the simulation for reliability evaluation purpose. The effects of wind forecast error is addressed in the model by applying forecasted value in dayahead unit commitment and actual value in real-time operation. An Auto-Regressive Moving Average (ARMA) based process is designed to automatically perform day-ahead hourly wind generation forecasting through the simulation period. Numerical results of a 50-unit system case study are presented.
I. INTRODUCTION
ind power generation, the most promising renewable energy, is increasingly attractive to power industry and the whole society and becomes more significant in the portfolio of generation systems. However, because of the unfavorable features of wind power, such as intermittence, uncontrollability, poor predictability and unfavorable generation patterns, it affects all aspects of traditional processes of power system operation and planning [1] . Power systems are primarily planned for providing reliable and economic electric power to their customers. Therefore, it is critical to understand and estimate the impacts of wind generation on power system reliability.
About a decade ago, installed capacity of wind generation was just a small portion among the entire generating resources and the effects on system reliability could be negligible. Along with large-scale wind power penetration into bulk power systems, the amount of wind power generation is comparable to the amount of existing conventional generating resources. New methods for system operation and planning need to be introduced due to the significant impacts of high level wind penetration on operating conventional generation resources. Maintaining power systems reliability requirement becomes a challenge. Especially, under the competitive electric markets environment, Independent System Operator S. Wang is with ABB Grid Systems, Raleigh, North Carolina 27606, USA (e-mail: shu.wang@us.abb.com).
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(ISO) and Regional Transmission Organization (RTO) have to deeply understand and investigate technical and economic impacts of wind power on deregulated power systems so that reasonable market regulations specifically for wind power can be established.
Over the years, analytical methods [2] - [4] had been extensively utilized on reliability evaluation of power system including wind generation. However, analytical methods are not able to effectively consider the chronological characteristics of wind generation [5] . In the paper, a Monte Carlo based production cost simulation model had been investigated and developed. The model simulates realistic processes of system planning and operation and takes wind generation into account. The main objective of the proposed model is to evaluate reliability of a power system integrated with wind generation. It also can be used for estimating the effects of wind generation forecasting, system reserve requirement, capacity value of a wind project, etc. In section II, firstly, the basic concepts of power system reliability and Monte Carlo simulation are presented. The Monte Carlo based production cost simulation model will be elaborated. Section III demonstrates a case study using the simulation program to estimate power system reliability with wind integration. Section IV gives conclusions.
II. MONTE CARLO BASED PRODUCTION COST SIMULATION MODEL
The major objective of the model is to evaluate reliability of a power system integrated with wind generation by simulating realistic system planning and operation process. Monte Carlo simulation method estimates reliability indices by repeatedly simulating large amount of trials to replicate day-to-day scheduling and hour-to-hour operation of a power system and random behaviors in the system.
A. Power System Reliability
Based on the definition by NERC, bulk power system reliability regarding to resource adequacy is the ability of the bulk power system to supply the aggregate electrical demand and energy requirements of the customers at all times, taking into account scheduled and reasonably expected unscheduled outages of system elements. Power system reliability can be estimated by analytical based method and Monte Carlo simulation based method [6] . The commonly accepted quantitative indices of reliability assessment are Loss of Load Expectation (LOLE), Loss of Load Probability (LOLP) and Monte Carlo methods are a class of computational algorithms that rely on repeated random sampling to compute the statistics. More broadly, Monte Carlo methods are useful for modeling phenomena with significant uncertainty in the systems. It is used for obtaining numerical solutions to problems which are too complicated to solve analytically. Nowadays, especially after the booming of power markets, Monte Carlo simulation is increasingly considered by system planner due to the capability of modeling system behavior more comprehensively and informatively.
Monte Carlo simulation method estimates reliability indices by repeatedly simulating large amount of trials to replicate day-to-day scheduling and hour-to-hour operation of a power system and random behaviors in the system. The method treats the problem as a series of real experiments. The goal of Monte Carlo simulation is to achieve the statistics of the realistic system, meanwhile considering virtually all aspects and contingencies inherent in the operation of a power system. The recorded information during simulation can provide the expected values of reliability indices together with their frequency distributions.
B. Model Structure
The main structure of Monte Carlo simulation is illustrated in Fig. 1 . There are three major iteration loops including, Monte Carlo replication loop, daily loop and hourly loop. Simulation starts from the first hour of the simulation year at first trial. Within the Monte Carlo replication loop, simulation advances from the beginning of the year to the end of the year. In order to mimic operational procedures, especially under present power market environment, in the daily loop, unit commitment is performed one day in advance to the actual operating day in the model and pre-determines the generating utilization of conventional units at each hour of next day based on forecasted load and forecasted wind generation, as well as operational requirements. Hourly wind generation applied for day-ahead unit commitment is forecasted based on historical values using an ARMA based automatic forecasting process of day-ahead hourly wind generation. During realtime operating hours, available capacity based on day-ahead unit commitment decision is ready to serve net load that is the value subtract actual wind generation from actual load. Meanwhile, system is facing random generator forced outages and deviation between forecasted and actual value of load and wind generation. Emergency actions, such as applying spinning reserve and committing quick start units are taken, if available capacity is insufficient.
After completing the whole year simulation, program will reset all the variables and replicate the yearly simulation again until the convergence criterion or the maximum number of trials is reached. At the end of all the simulations, reliability indices and other statistics such as generation utilization and system economics are calculated. The main reliability indices used in the paper are LOLE and EENS. 
C. Daily Loop for Day-ahead Unit Commitment
In the research, the optimization of unit commitment is reasonably simplified to adapt for the Monte Carlo simulation without compromising the critical constraints. The solution of simplified unit commitment is capable to capture the major operational schedules and reflect the system economics to ensure cost efficiency. Unit commitment of reliability evaluation is solved for individual hour. Every day-ahead unit commitment is broken down into 24 sub-optimization problems for each hour in a day. Operational constraints are imposed for each sub-optimization. The decomposition is mainly based on the approximation on the cost associated with generating units. Costs of producing power, also known as variable cost including startup cost, operational & maintenance cost and fuel cost for individual generator are the critical factors to decide its commitment status. With the approximation of cost, unit commitment can be simplified and completed on hourly basis.
The requirement of committed capacity for each hour of next day must be decided before unit commitment routine. During the day-ahead unit commitment, the actual load demand and actual wind generation for next day are unknown. The day-ahead hourly forecasted values will be used for how to schedule the conventional generation in advance. In the simulation, spinning reserve is calculated based on the specific percentage of hourly load value and varies though time. The percentage value of spinning reserve must be carefully decided because it will directly affect the unit commitment and impact overall reliability. In all, the committed capacity requirement at certain hour that determines the amount of committed units is calculated in (1).
where,
Net Load Forecasted Load
Forecasted Wind Generation
At any time of a year, it is not necessary that all the generators in the system are available to be scheduled due to operational limitations. At the beginning of each unit commitment, unit availability is verified based on forced outage status, minimum up and down time, as well as maintenance status. Once the available generators for individual hour unit commitment are found, this group of generators will be determined who will be committed to dispatch power based on the composite variable cost, which is so-called merit order method. The low cost generator will be committed first and more expensive generator will be continuously committed whereafter until the total committed capacity can meet committed capacity requirement.
D. Day-ahead Hourly Wind Generation Forecasting
If wind generation participates in day-ahead operation schedule, by the end of each day, hourly wind generation of next day needs to be forecasted based on the available historical wind generation. The forecasted 24-hour wind generation will be considered by day-ahead unit commitment to determine the schedules of conventional generating units in the next day. Similar to what happen in the real systems, in the paper, an ARMA based process is developed to automatically forecast day-ahead 24 hours wind generation for each day in the simulation period.
Auto-Regressive Moving Average (ARMA) procedure analyzes and forecasts equally spaced univariate time series data, transfer function data, and intervention data. An ARMA model predicts a value in a response time series as a linear combination of its own past values, past errors and current and past values of other time series. The model is usually referred to as ARMA (p, q) where p and q represent the order of autoregressive and moving average, respectively. Mathematical representation of ARMA (p, q) can be seen in (4). The automatic forecasting process for the whole simulation period can be broken down into individual day-ahead wind generation forecast. For individual forecast process, historical data during certain period is fit into an ARMA model and 24-hour data will be forecasted using a trained ARMA model. Then the training period shift forward by one day, namely, 24 hours and the next forecast process can be performed. One may imagine the automatic forecast process as a fixed length historical data window that moves from the beginning of the simulation period to the end of the simulation period by the step of one day at a time.
E. Hourly Loop for Real-time Operation
Hourly loop simulates the events during actual real-time operation. Fig. 2 shows the main steps in this loop. Randomly forced outage for committed generators is simulated first. Actual generating resource adequacy is evaluated based on the real load demand and wind generation as well as the available committed capacity. Commitment of quick start units is performed if system faces capacity shortage. Finally, loss of load value is calculated based on actual load demand, actual wind generation and total available committed generating capacity.
Generator may be forced out of service at any time during the course of a year due to startup failure, equipments faults, human mistake, and so on. Different kinds of generating units behave different uncertainties. In the program, during real hourly operation, any committed generators can be randomly forced out of service. A forced outage generator does not provide any capacity value to serve system load and it will be back in service after certain time. If any generator trips during operation, then system operators must identify generating resource adequacy and whether there are any other available resources that they can use to make up for potential power loss. The actual available committed capacity of conventional generators is calculated after processing forced outage of committed generators. At the real-time, load value and wind generation are not necessary exactly same as the forecasted ones. Forecast errors and generator forced outage can possibly lead to the generation capacity shortage. During real-time dispatch, the adequacy of committed capacity needs to be checked according to (5) . Available committed capacity comes from subtracting randomly forced outage capacity from total committed capacity of conventional units. If no capacity shortage is found, operations of current hourly loop are completed and no load shedding happens. However, if the calculated adequacy is greater than zero, emergency commitment of quick start units must be executed.
Generating Resource Adequacy Net Load Available Committed Capacity
Net Load Actual Load Actual Wind Generation
= −(6)
F. Commitment of Quick Start Unit
To avoid loss of load due to either contingency or over forecast of wind generation, quick start units must be prepared in the system. In the simulation model, commitment of quick start units is scheduled during real-time when capacity shortage happens at any hour. Quick start units will be committed economically in terms of composite variable cost. Similar to day-head unit commitment, program also checks the availability of the quick start units in advance based on status of forced outage and commitment status. Committing quick start units will be continued until the committed capacity of quick start units fully compensates the capacity shortage. Random forced outage will be applied for the committed quick start units as well. However, the total capacity of available quick start units may not be enough to solve the problem of capacity deficiency. If so, loss of load will occur in the system.
G. Loss of Load Calculation
After committing quick start units, total generating resource is composed of the capacity of available committed conventional unit, the capacity of committed quick start units and actual wind generation. Capacity adequacy at current hour is calculated in (7) . If the value is greater than zero, loss of load happens and will be recorded for the overall reliability evaluation.
( )
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H. Reliability Assessment Reliability evaluation using Monte Carlo simulation requires significant amount of calculation effort. The expect value of the statistics based on the simulation results is achieved by largely replicating realistic system planning and operation processes during specific period. After plentiful replications of system operation for the same period, statistic expectation of any system performance is computed. Calculation of reliability indices LOLE and EENS can be found in (9) and (10), where N is the total number of trials. 
III. CASE STUDY
As a study example, a power system that contains hourly load profile, conventional generation data and wind generation was created. All data in the study system is based on real power system data that is publicly available and reasonably adjusted. The major purpose of study system simulation is system reliability evaluations. Firstly, a base case system that only contains conventional generating resource was created. Then, diverse wind generation scenarios were simulated to estimate the reliability impacts. In the study system, the total generating capacity is fixed at 6180 MW including 50 individual generators. System load profile for 8760 hours of the base case has annual peak as 5618 MW in summer and total annual energy as 26851 GWh. System capacity margin is about 10% according to the ratio of system peak load and generation capacity.
A. Conventional Generating System
Because Monte Carlo simulation integrated production cost model mimics hour-to-hour generation operations of a power system, a comprehensive generation mix including thermal generation, hydro generation and renewable resource is necessary to represent real systems. Furthermore, operation behaviors and cost efficiency among different types of generation resource are quite different. The desired generation mix enables system operators to effectively schedule generation dispatch for serving different level of load and minimize the system production cost. The references of conventional generation data are New York ISO 2007 Load & Capacity Data, a.k.a Gold Book, that specifies the existing resource capacity in New York Control Area (NYCA) [8] . Reasonable generation mix of different types of generating units plays a great deal of system reliability and economics, because the system possesses the generators from expensive to economic, from robust to unreliable, from start quick to slow warm-up, to meet different reliability and operation goals. In the base case system, there are totally 50 generation units and the composition of 6180 MW installed capacity by fuel type can be seen in Fig. 3 . In the study system, the conventional gas-fired and oil generating units are designated as quick start units due to the quick action capability. The totally capacity of quick start units is 383 MW that is 6.2% of total system capacity. In the Monte Carlo simulation, one of the key factors to correctly simulate the system uncertainty is the random outages of the conventional generators. Unit unavailability data, such as FOR, MTTR, the pivotal parameters to decide the generator outage, comes from Generating Availability Data System (GADS) maintained by NERC. 
B. Wind Power Generation System
Four existing wind projects in commercial operation in Canada, listed in Table I , are utilized for the analysis of the case study. The historical hourly wind generation from year 2006 to 2007 of all four projects is obtained from the Independent Electricity System Operator (IESO) [9] . Fig. 4 shows the monthly average wind generation of four projects. It is clear to see the patterns of high wind in winter and low wind in summer. This is not a favor for the system load with summer peak, as well as the system reliability. ARMA based automatic process, described previously, for day-ahead hourly wind generation forecasting for the whole year for all wind projects were carried out. For individual forecasting, ARMA ( (3), (2)) model was applied and the length of historical data series was six weeks. According to the Monte Carlo simulation model, forecasted wind generation is applied for day-ahead unit commitment and actual wind generation is applied for real-time operation. In the simulation, the hourly generation of all wind projects will be accumulated as the total wind generation for system scheduling.
C. Wind Power Generation System
In the study, base case only includes conventional generating units and no wind generation. The reserve requirement is 6% of system load. Simulation gives LOLE and EENS of base case are 4.47 Hours/Year and 900.54 MWh/Year, respectively. Variation of reliability indices is plotted in Fig. 5 , which shows that the average reliability indices are relatively stable after about 3000 trials. LOLE and EENS of the base case will be the benchmark to evaluate the impact of wind generation on system reliability. 
D. Wind Generation Integration
Typically, wind generation is gradually integrated into existing power systems. Due to its unpredictability and volatility, however, wind power also introduces difficulties of operation and scheduling. Different level of wind generation penetration is expected to display different impacts on system reliability. Moreover, reliability may be improved or jeopardized from it depending on if appropriate action is taken.
In the case study, wind generation is gradually integrated into the base case from 1.2% up to about 28% penetration. Wind penetration level is defined as the ratio of total wind installed capacity and system peak load. At the beginning, each wind project is added on top of the existing wind project from M to P. Wind installed capacity is more aggressively penetrated into the system in the last three scenarios. When wind projects are installed, the base case conditions including load profile and conventional generators stay the same. The reserve requirement is still 6% of hourly load.
Reliability results of each case are listed in The result reveals that it is not absolutely true for wind generation to bring the benefit to system reliability if no associated action is taken. In the base case, the generating system is designed to be competent to withstand the unexpected contingencies and keep system reliable. Spinning reserve and quick start units are all able to protect system reliability from generator randomly forced outage. When wind generation is introduced, extra uncertainty, such as wind forecast error, fast ramping up and down, must be taken into account. The power system with certain reliability abundance may be getting more reliable, when wind penetration level is low. Because the wind forecast error combined from all wind projects can be countervailed by the capacity adequacy of conventional generators and operational reserve. Nevertheless, if plentiful wind power is integrated, for example 30% penetration level, the existing system most likely will not be capable to keep the same reliability standard. In consequence, system must take necessary adjustment of operational and planning procedures to benefit from wind generation and reliably sever the load demand.
E. Reserve Requirement Adjustment
When forecast error of wind generation becomes higher when increase of wind penetration, one of the options for maintaining system reliability is to increase the spinning reserve requirement, because more capacity will be requested to be committed at each hour. In the case study, the basic target of the adjustment of reserve requirement is to re-satisfy the reliability standard if wind integration leads to unsatisfied reliability. The Double (M+K+E+P) case was chosen in this task due to its worse reliability. Also, the reliability standard is assumed to be 4.47 hours/year in the base case. In the Double (M+K+E+P) case, the spinning reserve requirement had been incrementally increased from 6% in the base case to 9.5% by each step of 0.5% and each scenario was performed. Fig. 7 plots the LOLE value against the reserve requirement. System reliability is improved with the increase of spinning reserve. In the figure, the red line represents the LOLE value of base case. The anticipated adjustment of reserve can be seen at the intersection between the blue curve and the red line. The reserve requirement has to stay in somewhere between 8% and 8.5% to meet the reliability standard for 4.47 hours/year for 14.07% wind penetration. 
F. Impact of Quality of Wind Generation Forecasting on Reliability
Wind forecast error is one of the key factors to create the operational difficulties, even loss of load, since the total committed capacity affected by forecasted wind generation may not be sufficient to serve the actual load demand. Accurate wind forecast will definitely ameliorate system reliability. To conceptually prove the idea, three different wind generation forecast methods were applied on the hourly wind profiles. ♦ Perfect forecast: forecasted value is exactly the same as actual value. ♦ Automatic day-ahead hourly forecast process using ARMA model. ♦ Persistent model: The day-ahead hourly forecasted value is the same as the ones in present day. For instance, for hourly wind profile of project Melancthon I, the annual average forecast error in RMSE of perfect forecast, ARMA model and persistent model are 0 MW, 16.16 MW and 23.81 MW, respectively. Double (M+K+E+P) case is simulated using three different forecast methods with original 6% reserve requirement. Table III lists the reliability indices of the three cases. Case of perfect forecast shows the best performance of reliability. If wind forecast is 100% accurate, the wind generation is the purely load-shaver so that the net load profile as well as the peak load are reduced. Intuitively, the reliability is certainly improved. Reliability in persistent forecast case is the worst among the three. Even though the RMSE of persistent model is only 7.65 MW higher then the one of ARMA model case, the LOLE and EENS illustrate about 8 times difference between these two cases. Therefore, one may expect that more accurate wind forecast model will certainly reduce the probability of loss of load and improve the reliability of the existing power systems. 
IV. CONCLUSION
Over the decades, infrastructure of power systems is continuously reinforced to ensure the adequacy of generation and transmission. The development of wind power will persist in the coming future. It is very timely and critical to appreciate and understand the impact of high penetration level of wind generation on power system planning and operation. In the paper, a Monte Carlo based production cost simulation model has been presented. The case study using the simulation model shows that wind generation within certain level of penetration indeed improved system reliability. However, the existing study system was not ready to accept very high penetration of wind power due to the issues of jeopardized reliability. Accordingly, measures such as adjustment of reserve requirement, adding more quick start units, must be adopted to maintain reliability criterion. The study also illustrated the importance of wind power forecasting performance by seeing the better quality of wind power forecasting, the more reliability benefit for the system. The proposed Monte Carlo based production cost simulation model is proven to be competent to evaluate the reliability of power system with wind power generation.
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